A change in the optical polarization associated with a 
7-ray flare in the blazar 3C 279 
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It is widely accepted that strong and variable radiation detected over all 
accessible energy bands in a number of active galaxies arises from a relativistic, 
Doppler-boosted jet pointing close to our line of sight^. The size of the emitting 
zone and the location of this region relative to the central supermassive black 
hole are, however, poorly known, with estimates ranging from light-hours to a 
light-year or more. Here we report the coincidence of a gamma (7)-ray flare 
with a dramatic change of optical polarization angle. This provides evidence for 
co-spatiality of optical and 7-ray emission regions and indicates a highly ordered 
jet magnetic fleld. The results also require a non-axisymmetric structure of the 
emission zone, implying a curved trajectory for the emitting material within the 
jet, with the dissipation region located at a considerable distance from the black 
hole, at about 10^ gravitational radii. 

The flat spectrum radio quasar 3C 279 was the first bright 7-ray blazar reported by 
the EGRET instrument aboard the Compton Gamma-Ray Observatory to show strong and 
rapidly variable 7-ray emissiorP^ recently, it also has been detected at photon energies 
above 100 GeV by the MAGIC ground-based Cherenkov telescop^. This blazar, at the 
redshift z = 0.536, harbors a black hole with masJ^'^ M ^ (3 — 8) x IO^Mq (where Mq is 
the mass of the Sun); for specificity, we adopt 6 x IO^Mq. It shows superluminal expansion 
best described as the jet material propagating with the bulk Lorentz factor Pjet = 16 ±3 at a 
small angle {6 ~ 2°) to our line of sighlP. The high degree of the optical polarization provides 
evidence for the presence of a well ordered magnetic field in the emission zon^. This may 
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reflect either the global topology of the large-scale magnetic field, or may result from the 
compression of chaotic magnetic fields in shocks and shear regions along the outfio~ftff^. 

The best coverage of the broad-band flux variability of 3C 279 has been obtained after 
the start of routine scientific operation of the Large Area Telescope (LAT)'^ onboard of the 
recently launched Fermi Gamma-ray Space Telescope (August 4th 2008 = 54682 Modified 
Julian Day, or MJD). In Figure 1 we plot the flux history in the 7-ray band above 200 MeV, as 
well as in the X-ray, optical, infrared, and radio bands together with polarization information 
in the optical band. Among all the observed bands, the 7-ray band shows the most violent 
variations, with a change by an order of magnitude in flux during the observation. It also 
dominates the electromagnetic output of 3C 279, with the apparent 7-ray luminosity as much 
as ~ 10^^ erg s~^ (see Figure 2 and ref. [3lll]). After being in the quiescent state for the first 
100 days or so, the 7-ray flux starts to increase at ~ 54780 MJD, but without any significant 
spectral changes: the 7-ray photon index is relatively constant during the entire observed 
period. The high 7-fiux state persists for ~ 120 days and is associated with erratic flaring, 
accompanied by bright and variable optical emission. 

Towards the end of the high-flux state there is a sharp 7-ray flare at 54880 MJD with a 
doubling timescale of as short as 1 day. This sharp 7-ray flare coincides with a significant 
drop of the level of optical polarization (polarization degree: PD), from ~ 30% down to a 
few per cent, lasting for At ~ 20 days. Subsequently, both 7-ray and optical fluxes gradually 
decrease together and reach the quiescent level, followed by a temporary recovery of the high 
degree of polarization. This event is associated with a dramatic change of the electric vector 
position angle (EVPA) of the polarization, in contrast to being relatively constant before the 
event at ~ 50° (parallel to the jet direction observed by Very Long Baseline Interferometry 
observations in radio bands; see ref. |8] for example). Because the EVPA has ±180° x n 
(where n = 1,2...) ambiguity, we selected values on the assumption of a smooth change of 
the EVPA, such that it would follow the overall trend. The polarization angle increases 
slightly at 54880 MJD - coincident with the 7-ray flare - then decreases by 208° with a rate 
of ~ 12° per day, and returns to a level nearly exactly 180° from the original level, resembling 
closely the behavior of optical polarization measured in BL Lacerta^^, but at a rate four 
times slower. This clearly indicates that the sharp 7-ray flare is unambiguously correlated 
with the dramatic change of optical polarization due to a single, coherent event, rather than 
a superposition of multiple but causally unrelated, shorter duration events. 

Concurrent X-ray observations indicate a relatively steady X-ray flux during the high 
7-ray flux state (although with modest amplitude variations roughly mirroring the 7-ray 
time series; A. Marscher, priv. comm.), but reveal a significant, symmetrical flare about 60 
days after the second 7-ray peak — at 54950 MJD — with duration of ~ 20 days, similar 
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to the duration of the 7-ray flare. It suggests the X-ray photons are produced at a distance 
from the black hole comparable to the distance of the optical/7-ray photons. Importantly, 
this X-ray flare is accompanied only by a modest increase of optical activity and not by a 
prominent optical or 7-ray flare. The X-ray spectrum during the isolated flare remains much 
harder than the optical spectrum (see Figure 2), and therefore cannot be attributed to a 
temporary extension of the high-energy tail of the synchrotron emission, but instead, may 
be generated by inverse- Compton scattering of low-energy electrons. However, the similarity 
of profiles of the 7-ray and X-ray flares argues against the latter being just a delayed version 
of the former due to, e.g., particle cooling. Therefore, the X-ray flare must be produced 
independently by another mechanism involving primarily lower energy electrons. 

During the entire multiwavelength campaign reported here, the radio and millimeter 
fluxes are less variable than fluxes in other bands. In particular, they stay nearly constant in 
the periods of the two prominent 7-ray flares and the isolated X-ray flare, and no associated 
or delayed radio flare was observed. This suggests that the blazar activity in 3C 279 takes 
place where the synchrotron radiation at these wavelengths is not yet fully optically thin, 
constraining the transverse size -Rbiazar of the blazar emission zon^^^ 

i?biazar < 5x10^^ (z/F,/2xlO-" erg cm-^ s'^Y^^ {B'/0.3 G)^/^ (zz/lO"'^ Hz)"^/^ (rjet/lS)-^/^ cm 

(where uF^, is the energy flux measured in the millimeter band [~ 10^^'^ Hz]), which is 
consistent with the limit provided by shortest doubling timescales of the 7-ray flux variations. 

The gradual rotation of the polarization angle is unlikely to originate in a straight, uni- 
form axially symmetric, matter-dominated jet because any compression of the jet plasma by, 
for example, a perpendicular shock moving along the jet and viewed at a small but constant 
angle to the jet axis would change the degree of polarization, but would not result in a grad- 
ual change of EVPA. Instead, it can reflect a non-axisymmetric magnetic field distribution 
(as in, for example, ref . HM . a swing of the jet across our line of sight (which in turn does not 
require any source/pattern propagation), or a curved trajectory of the dissipation/emission 
pattern. The last possibility may be due to propagation of an emission knot following a 
helical path in a magnetically dominated jet as was recently investigated in the context of 
the optical polarization event seen in BL Lacertae^^ or may involve the "global" bending of 
a jet. The magnetic field in the emission region is anisotropic (presumably concentrated in 
the plane of a shock or disturbance propagating along the jet), so the degree and angle of 
observed polarization then depends on the instantaneous angle 6 of the direction of motion 
of the radiating material to the line of sight. The maximum rotation rate of the polarization 
angle would correspond to 6* = O^i^i and polarization degree would be highest for 9 ~ l/rjet- 
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The "bent jet" scenario can explain the observed polarization event (the change of the angle 
as well as the magnitude of polarization) provided the jet curvature is confined to the plane 
inclined to the line of sight at an angle 9^^^ < l/Fjet and configured in such a way that 
the jet trajectory projected on the sky turns by almost 180°. Similar geometry - albeit on 
larger scales - has been observed in another blazar, PKS 1510-089 (ref. ITSll . Nonetheless, in 
both scenarios, the coherent polarization event is produced by a density pattern co-moving 
along the jet, and therefore, it is possible to estimate the distance traveled by the emitting 
material during the flare Argvent; this in turn allows us to constrain the distance rgvent of the 
dissipation region (where flaring occurs) from the black hole, because rgvent > Argvent- With 
this, rgvent > Argvgnt ~ 10"^^ (Atgvent/20 days) (Fjgt/lS)^ cm , which is ~ 5 orders of magnitude 
larger than the gravitational radius of the black hole in 3C 279. 

The constraints on the distance of the dissipation region can be relaxed under "flow- 
through" scenarios, in where the emission patterns may move much more slowly than the 
bulk speed of the jet or not one such example is the model involving swings 

("wobbling") of the jet associated with jet instabilities such that its boundary moves relative 
to our line of sight. In this case, the timescale for the observed variation is the timescale for 
the jet motion. Consequently, the emission region easily can be much closer (by a factor Fj^J 
to the black hole than in the "helical" or "bent jet" scenarios, because the natural radial 
scale for Atgvgnt ~ 20 days is rgvent ~ cAtgvgnt ~ 500 — 1000 gravitational radii (see, e.g., 
ref. [T6ll . Under this scenario, the angle the jet makes with the line of sight must change by 
at least ~ T^^l in order to explain the large swing of polarization. Here, the jet motion can 
be imposed at its base, be caused by deflection due to external medium, or be a consequence 
of dynamical instability. 

This leaves us with three viable possibilities. Both the scenario involving a knot propa- 
gating along the helical magnetic field lines and the "flow-through" scenario above imply that 
the rotation of the polarization angle should be preferentially following the same direction, 
because in those two models the twist presumably originates in the inner accretion disk. In 
our case, we observe the rotation of the polarization angle to be opposite in direction to that 
measured previousl}^, leaving us with the "bent jet" model combined with a small swing of 
the jet as the most compelling scenario. 

The dominant source of "seed" photons for inverse-Compton scattering depends on the 
distance of the dissipation event from the central black hol^^. At the parsec distances 
predicted by the "helical" or "bent jet" scenarios involving the radiating material co-moving 
with the jet, the "seed" radiation fields are dominated by infrared radiation emitted by 
a warm dust located in the circumnuclear molecular torus and by synchrotron radiation 
produced within the jet. At sub-parsec distances implied by the "flow-through" scenarios. 
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this photon field can be the broad emission fine region!^ (clearly detected in this object!^, as 
expected in a quasar possessing a luminous accretion disk!^, as well as the direct radiation 
of such a diskpSlor its coronsP^. In any case, the ~ 20 GeV electrons and positrons producing 
the highest-energy 7 rays and the polarized optical radiation lose their energy on timescales 
shorter than the light travel time from the black hole, and so must be accelerated locally. 

In summary, the close association of the energetically dominant 7-ray fiare with the 
smooth, continuous change of the optical polarization angle suggests co-spatiahty of the 
optical and 7-ray emission and provides evidence for the presence of highly ordered magnetic 
fields in the regions of the 7-ray production. Provided the emission pattern is co-moving 
with the jet, we can measure the distance of the coherent event to be of the order of 10^ 
gravitational radii away from the black hole. While the available data cannot exclude the 
theoretically less explored "fiow-through" scenarios - where the dissipation events may take 
place at much smaller distances, down to ~ 10'^ gravitational radii - the opposite direction of 
rotation of the optical polarization angle than previously measured appears to support the 
jet bending at larger distances as the best explanation of the available data. Furthermore, 
the detection of the isolated X-ray fiare challenges the simple, one-zone emission models, 
rendering them too simple. Regardless, the Fermi satellite has been in operation for only 
just over a year, and the outlook for a more comprehensive picture of these enigmatic objects, 
primarily via multi-band campaigns including well-sampled optical polarimetry, is excellent. 
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Figure Legends 

Figure 1: History of flux in various bands, 7-ray photon index, and optical po- 
larization of 3C 279. Light curves at the indicated wave bands covering 1 year since 
the Modified Julian Day (MJD) of 54650 (corresponding to July 3rd 2008). The two dashed 
vertical lines indicate 54880 and 54900 MJD. Error bars at each point represent a ±1 s.d. sta- 
tistical uncertainty, a-b. Gamma-ray fiux and photon index F above 200 MeV averaged 
over 3-day intervals as measured by Fermi-LAT based on photons that passed the "diffuse" 
event selection. The source fluxes are calculated using " P6_V3_D1FFUSE" for the instrumen- 
tal response function and a simple power-law spectral model {dF/dE oc E~^). The detailed 
data analysis procedures are analogous to those in ref. [221 c. X-ray integrated flux Fx be- 
tween 2 and 10 keV, calculated by fltting the data with the simple power-law model taking 
into account a Galactic absorption. Light-green points are from the observations with the 
Proportional Counter Array (PGA) on-board the Rossi X-ray Timing Explorer [RXTE) and 
dark green points are measurements by Swift-XBT . d. Optical and ultra-violet (UV) fluxes in 
several bands. i?-band data were taken by ground-based telescopes from the GASP-WEBT 
collaboration!^. V-band data were taken by a ground-based telescope (Kanata-TRISPECP^ 
and Swift-UVOT . Data in all other bands were acquired by Swift-UVOT . e-f. Polarization 
degree (PD) and electric vector position angle (EVPA) of the optical polarization measured 
by the Kanata-TRISPEG in the V^-band (dark blue) and by the KVA telescope without any 
filters (light blue). Note that EVPA has ±180° x n (where n = 1,2...) ambiguity. The hori- 
zontal dashed lines in f refer to EVPA of 50°and —130°. g-h. Near- infrared (NIR) and radio 
fiuxes measured by ground-based telescopes (Kanata-TRISPEG [J, Kg], OVRO [15 GHz] 
and GASP-WEBT [J,H,K and several millimeter and radio bands]). All UV, optical and 
NIR data are corrected for the Galactic absorption. 

Figure 2: Energy spectrum from radio to 7-ray band of 3C 279 at two difl"erent 
epochs. The red points were taken between 54880 and 54885 MJD, corresponding to the 
first five days of the sharp 7-ray fiare accompanying the dramatic polarization change event 
[epoch-1]. The blue points were taken between 54950 and 54960 MJD, around the peak 
of the isolated X-ray fiare [epoch-2]. The 7-ray spectra were measured by Fermi-LAT. 
In the X-ray band, the fiux points are obtained by the RXTE-PCA in the epoch-1 (red) 
and by Swift-X.KT in the epoch-2 (blue). The fiuxes in the UV range were measured by 
Swift-UVOT. Observations in the optical-to-radio bands were performed by ground-based 
telescopes as given in Figure 1 (with additional radio coverage provided by the Effelsberg 
radio telescopd^. Each data point represents an average source flux and the error bar 
represents ±1 s.d. of the flux during each epoch. Each data point is already corrected for 
Galactic absorption. Note that the total energy associated with the X-ray flare is relatively 
modest, about 30 times less than the energy associated with the 7-ray flare accompanying 
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the dramatic polarization change, and the 7-ray emission is still dominant, having five times 
the X-ray energy flux even during the X-ray flare event. 
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